Melatonin (MLT) is present in seminal plasma (SP) of mammalian species, including pigs, and it is credited with antioxidant properties. This study aims to identify the sources of variation and the role of boar SP MLT on sperm quality and functionality and in vivo fertilizing ability of liquid-stored semen doses used in AI programs. The SP MLT was measured using an ELISA kit in a total of 219 ejaculates collected from 76 boars, and reproductive records of 5,318 AI sows were recorded. Sperm quality was assessed according to motility (computer-aided sperm analysis) and viability (cytometry evaluation). Sperm functionality was assessed according to the cytometric determination of intracellular H 2 O 2 generation, total and mitochondrial O 2 − production, and lipid peroxidation in liquid AI semen samples stored at 17°C over 144 h. The concentration of SP MLT differed among seasons (P < 0.01) and day length periods (P < 0.001) of the year, demonstrating that the ejaculates collected during the increasing day length period (9.80 ± 1.38 pg/ mL, range: 2.75-21.94) had lower SP MLT concentrations than those collected during the decreasing day length period (16.32 ± 1.67 pg/mL, range: 5.02-35.61). The SP MLT also differed (P < 0.001) among boars, among ejaculates within boar, and among portions within the ejaculate, demonstrating that SP from the first 10 mL of sperm-rich ejaculate fraction (SRF) exhibited lower MLT concentrations than post-SRF. The SP MLT was negatively related (P < 0.001) to mitochondrial O 2 − production in viable sperm. The SP MLT did not differ among AI boars (n = 14) hierarchically grouped according to high and low fertility outcomes. In conclusion, SP MLT concentration in AI boars varies depending on the season of ejaculate collection and differs among boars, ejaculates within boar, and portions within ejaculate. The SP MLT may act at the mitochondrial level of sperm by reducing the generation of O 2 − . However, this antioxidant role of SP MLT was not reflected in sperm quality or in vivo fertility outcomes of AI semen doses. 1 Financial support for this research was provided by MINECO (Madrid, Spain) and FEDER (EU) grants (AGL2012-39903, AGL2013-43328-P, and AGL2015-69738-R) and Seneca Foundation (19892/GERM/15) Murcia (Spain). I. Barranco and C. Perez-Patiño were financially supported by MECD (Madrid, Spain) and the Seneca Foundation (Murcia, Spain), respectively. The authors are grateful to AIM Iberica (Topigs Norsvin Iberica) for supplying the boar ejaculates and fertility records.
INTRODUCTION
Melatonin (MLT) regulates body physiological actions related to circadian rhythms, including reproductive activity in seasonal breeders (Reiter et al., 2009 ). In addition to the pineal gland, MLT is also synthesized in other tissues, including testes (Reiter et al., 2000; González-Arto et al., 2016a) . Consequently, MLT is present in seminal plasma (SP), as evidenced in man (Van Vuuren et al., 1988) and in livestock males, including boars (González-Arto et al., 2016b) . In addition to highlighting its presence and seasonal pattern exhibited in seasonal breeders (Casao et al., 2010a) , little more is currently known about SP MLT. The present study tries to improve the knowledge of SP MLT, particularly its biological profile and functional roles in sires used in AI, specifically boars. Despite this lack of knowledge, MLT is widely used as an additive in both semen extenders (Jang et al., 2010; Ashrafi et al., 2011) and media for in vitro fertilization (Pang et al., 2016) and embryo development (Papis et al., 2007) , because it has recognized antioxidant properties when used as a therapeutic agent against some functional disorders occurring in serious human diseases such as cancer or aging (Bonnefont-Rousselot and Collin, 2010; Karaaslan and Suzen, 2015) . Therefore, this study will focus mainly on the investigation of the putative antioxidant properties of SP MLT, evaluating its impact on quality and sperm functionality. Some SP components with antioxidant capacities, such as glutathione peroxidase-5 and paraoxonase 1, have shown a direct relationship with in vivo fertility outcomes of boar semen AI doses (Novak et al., 2010; Barranco et al., 2015 Barranco et al., , 2016 . Accordingly, the study also aims to evaluate whether SP MLT is associated with the in vivo fertility of boar semen doses used in commercial AI programs. To achieve these aims, semen and SP samples from 219 ejaculates, collected from 76 AI boars, and fertility records of 5,318 AI sows were evaluated.
MATERIALS AND METHODS

Reagents and Media
All chemicals used in the experiments were of analytical grade. Unless stated otherwise, all media components were purchased from Sigma-Aldrich (St. Louis, MO), and the media were prepared under sterile conditions in a laminar flow chamber (MicroH; Telstar, Terrassa, Spain). Fluorochrome molecules were purchased from Molecular Probes Europe BV (Leiden, the Netherlands).
The basic medium used for semen extension was Beltsville thawing solution (BTS) composed of 205 mM glucose, 20.4 mM sodium citrate, 10.0 mM KCl, 15.0 mM NaHCO 3 , and 3.6 mM EDTA, pH 7.2, and 290 to 300 mOsmol/kg supplemented with kanamycin sulfate (0.05 mM). Ethylenediaminetetraacetic acid-free PBS (139 mM NaCl, 2.7 mM KCl, 1.5 mM KH 2 PO 4 , and 8.1 mM Na2HPO 4 ·7H 2 O with 0.058 g/L penicillin G and 0.05 g/L streptomycin sulfate; pH 7.1; 285-290 mOsmol/kg) was used to extend the semen samples and dilute fluorochromes for flow cytometric analysis.
Boars and Ejaculates
All procedures that involved animals were performed according to international guidelines (directive 2010-63-EU; European Parliament and the Council of the European Union, 2010) and approved by the Bioethics Committee of Murcia University (research code 639/2012).
All ejaculates were obtained in the afternoon, between 1400 and 2000 h, from healthy, sexually mature boars of different breeds (Landrace, Large White, and Pietrain) or crossbreeds (Landrace × Large White) undergoing regular semen collection (an average of an ejaculate every 3 d) for commercial AI purposes. Boars (n = 76) were housed in 4 Spanish AI centers belonging to AIM Ibérica (Topigs Norsvin España, Madrid, Spain) and located in Leon (42°25′ N, 5°31′ W), Lerida (41°42′ N, 0°42′ E), Murcia (38°15′ N, 1°35′ W), and Soria (41°43′ N, 2°11′ W). The boars were subjected to the same housing and management conditions, specifically individual pens in environmentally controlled (15-25°C) buildings with windows such that they were exposed to natural daylight and supplementary light for a total of 16 h of light per day (≥150 lx of light intensity at boar eye level). They were provided with ad libitum access to water and were fed commercial feedstuff according to nutritional requirements for adult AI boars. The ejaculates that were used fulfilled the standards of quantity and sperm quality thresholds for the preparation of semen AI doses (greater than 200 × 10 6 sperm/mL, 70% motile spermatozoa, and 75% of morphologically normal cells).
Seminal Plasma Processing and Storage
The SP samples were obtained immediately after ejaculate collection through double centrifugation (1,500 × g for 10 min at room temperature; Rotofix 32A; Hettich Centrifuge UK, Newport Pagnell, Buckinghamshire, England, UK) of 15 mL of the semen sample. The second supernatant was harvested and examined by microscopy (Eclipse E400; Nikon, Tokyo, Japan) to ensure the absence of sperm. Then, SP samples were stored in cryotubes and sent in insulated containers with dry ice to the Andrology Laboratory at the Veterinary Teaching Hospital of the University of Murcia (Spain). At the laboratory, the SP samples were stored at −80°C (Ultra Low Freezer; Haier Inc., Qingdao, China) until MLT analysis. For analyses, the SP samples were thawed at room temperature inside a dark chamber where they remained for 60 min.
Measurement of Melatonin Concentration
The measurement of the concentration of MLT that was present in the SP samples was performed in the Department of Biochemistry and Molecular and Cell Biology of the University of Zaragoza (Spain) using a commercial competitive immunoassay (direct saliva melatonin ELISA kit; Bühlmann Laboratories AG, Schönenbuch, Switzerland; 0.5 pg/mL sensitivity and 5.2% intra-assay variability) following the manufacturer's instructions. Briefly, 100 μL of each SP sample, controls, and calibrator was added in duplicate in a microtiter plate coated with an anti-MLT antibody and incubated for 16 to 20 h at 2 to 8°C. Controls include known high and low MLT concentrations for a range of values between 1.9 and 21.9 pg/mL. After incubation, 50 μL of biotinylated MLT was added to each well and incubated for 3 h at 2 to 8°C. After 3 washes, 100 μL of streptavidin conjugated to horseradish peroxidase was loaded to the wells and incubated for 60 min in a plate rotator set at 600 rpm at 18 to 28°C. Then, the wells were washed 3 times, and 100 μL of tetramethylbenzidine substrate was added to each well and incubated in the dark for 30 min on a plate rotator at 600 rpm and 18 to 28°C. After incubation, 100 μL of 0.25 M H 2 SO 4 solution was added, and absorbance was measured on a microtiter plate reader (TECAN Spectrafluor plus; Tecan Schweiz AG, Männedorf, Switzerland) at 450 nm. The SP concentration of MLT was expressed in picograms per milliliter.
Assessment of Sperm Quality and Functionality
The spermatozoa were assessed according to quality (total and progressive motility and viability) and functionality (intracellular H 2 O 2 generation, mitochondrial O 2 − production, total sperm O 2 − production, and lipid peroxidation) parameters. All of these assessments, except motility, which was evaluated using a computerassisted sperm analyzer (CASA), were performed by flow cytometry using a BD FACS Canto II flow cytometer (Becton, Dickinson and Company, Franklin Lakes, NJ). Hoechst 33342 (H-42) staining (DNA content) was used to identify sperm events. Acquisition was stopped after 10,000 H-42-positive events.
Sperm motility was objectively evaluated using an ISASv1 CASA (Proiser R+D S.L., Paterna, Spain). Briefly, 5 μL of extended semen (10 × 10 6 to 30 × 10 6 sperm/mL in BTS) were placed in a prewarmed (38°C) Makler counting chamber (Sefi Medical Instruments Ltd., Haifa, Israel). Six to 9 fields with a minimum of 400 spermatozoa per sample were microscopically analyzed (200x). The variables that were recorded were the overall percentage of motile spermatozoa (average path velocity ≥ 20 µm/s) and the proportion of motile spermatozoa showing rapid and progressive movement (straight line velocity ≥ 40 µm/s).
For sperm viability assessment, 100 μL of semen (30 × 10 6 sperm/mL in BTS) were mixed with 3 μL of H-42 (0.05 mg/mL in PBS), 2 μL of propidium iodide (PI; 0.5 mg/mL in PBS), and 2 μL of fluorescein-conjugated peanut agglutinin (PNA-FITC; 100 µg/mL in PBS) and then incubated at 38°C in the dark for 10 min. Immediately before analysis, 400 μL of PBS was added to each sample. Viable spermatozoa were those exhibiting intact plasma and acrosome membranes (H-42 positive, PI negative, and PNA-FITC negative) and data were reported as percentages.
The intracellular generation of H 2 O 2 was measured in viable spermatozoa using 5-(and 6-) chloromethyl-20,70-dichlorodihydrofluorescein diacetate acetyl ester (CM-H 2 DCFDA). For each semen sample, 50 μL of extended spermatozoa (30 × 10 6 sperm/ mL in BTS) was resuspended in 950 μL of PBS containing 1.25 μL of H-42 (0.05 mg/mL in PBS), 1 μL of PI (0.5 mg/mL in PBS), and 1 μL of CM-H 2 DCFDA (1 mM in dimethyl sulfoxide [DMSO]) to measure basal H 2 O 2 generation. The samples were incubated at 38°C in the dark for 30 min before flow cytometric analysis. Data were recorded as the percentage of viable (H-42 positive and PI negative) 2',7'-dichlorodihydrofluorescein diacetate (H 2 DCFDA)-positive spermatozoa.
Mitochondrial O 2 − production was assessed using MitoSOX Red (MSR) following a modified Koppers et al. (2008) procedure. MitoSOX Red is a lipid soluble cation that selectively targets the mitochondrial matrix, where it is oxidized by O 2 − and exhibits a red fluorescence. Briefly, an MSR stock solution (5 mM in DMSO) was diluted in PBS (0.5 mM), and 5 μL was added to 1 mL of each semen sample (10 × 10 6 sperm/mL), which were incubated for 15 min at 37°C. Thereafter, the samples were centrifuged for 5 min at 600 × g at room temperature, and the sperm pellets were diluted in PBS at 10 × 10 6 sperm/mL. Then, 10 μL of SYTOX Green (5 µM in DMSO; Sigma) and 15 μL of H-42 (0.05 mg/mL in PBS) were added to 1 mL of each semen sample, which were incubated for 15 min at 37°C. Semen samples were diluted in PBS (1:2, vol/vol) before flow cytometry analysis. Data were recorded as percentage of viable (H-42 positive/ SYTOX Green negative) MSR-positive spermatozoa.
Total sperm O 2 − production was assessed using dihydroethidium (DHE) following a modification of the procedure described by Koppers et al. (2008) . Dihydroethidium is a permeable molecule susceptible to oxidation inside sperm by O 2 − , producing 2 DNAsensitive fluorochromes, ethidium and 2-hydroxyethidium, that generate red nuclear fluorescence. Briefly, 10 μL of DHE (200 µM in DMSO) was added to 1 mL of each semen sample (10 × 10 6 sperm/mL), which were incubated for 15 min at 37°C. Then, 10 μL of SYTOX Green (5 µM in DMSO) and 15 μL of H-42 (0.05 mg/ mL in PBS) were added to 1 mL of each semen sample, which were incubated for 15 min at 37°C. Then, the samples were centrifuged for 5 min at 600 × g at room temperature, and the sperm pellets were diluted in PBS until a 1-mL sample remained. Semen samples were diluted in PBS (1:2, vol/vol) before flow cytometry analysis. Data were recorded as the percentage of viable (H-42 positive/ SYTOX Green negative) DHE-positive spermatozoa.
Lipid peroxidation was assessed using C11 Boron-dipyrromethene 581/591 (BODIPY) following a modification of the procedure described by Silva and Gadella (2006) . The BODIPY (5 µM in ethanol) was added to 10 × 10 6 sperm/mL, incubated for 30 min at 37°C, and washed once (300 × g for 7 min at room temperature). Then, 100 μL of each sample were mixed with 2 μL of H-42 (0.05 mg/mL in PBS) plus 1.3 μL of PI (0.5 mg/mL in PBS) and incubated for 10 min at 37°C. Two hundred microliters of PBS was added to each sample before flow cytometry analysis. Data were recorded as percentage of viable (H-42 positive and PI negative) BODIPY-positive spermatozoa. To evaluate intraejaculate variability, SP MLT concentration was measured in SP samples from 15 ejaculates of 5 boars (3 ejaculates per boar) collected during the increasing day length period of the year. The ejaculates were collected using the regular gloved-hand method to separately collect 3 ejaculate portions, specifically the first 10 mL of sperm-rich ejaculate fraction (SRF) and the remaining SRF and the post-SRF.
Experimental Design
Experiment 1: Seasonality in Boar Seminal
Experiment 3: Relationship between Seminal Plasma Melatonin Concentration and Quality and Sperm Functionality of Liquid-Stored Semen AI Doses.
A total of 30 entire ejaculates (1 per boar) were used to produce semen AI doses (semen samples diluted to 30 × 10 6 sperm/mL in Biosem+ extender; Magapor, Zaragoza, Spain) and to generate SP samples for MLT measurement. The semen AI doses were stored for 144 h at 15 to 17°C (FOC 120E Cooled Incubator; VELP Scientifica, Usmate, Italy), and sperm quality and functionality were evaluated at 24, 72, and 144 h of storage.
Experiment 4: Relationship between Seminal Plasma Melatonin Concentration and In Vivo Fertility of Liquid-Stored Semen AI Doses.
Semen AI doses, as described in Exp. 3, and SP samples from entire ejaculates collected from 14 boars during the decreasing day length period were used in the experiment. Semen AI doses (2,400 × 10 6 of total sperm in 80 mL) were used to cervically inseminate (2-3 times per estrus) weaned multiparous (1-7 litters produced) Landrace and Large White sows housed in different farms in Spain. The sows were subjected to the same housing and management conditions regardless of the farm. The number of AI sows per boar ranged between 104 and 814. Fertility parameters were recorded in terms of farrowing rate (as a proportion of the number of sows inseminated) and litter size (as the sum of alive and dead piglets born per litter). Three SP samples, separated in time from each boar, were used to measure the MLT concentration.
Statistical Analysis
Data were analyzed using IBM SPSS Statistics 19.0 (IBM España S. A., Madrid, Spain). Residual data for each statistical variable were evaluated using the Kolmogorov-Smirnov test to check the assumption of normality, and data that were not normally distributed were arcsine-(data expressed as a percent) or log-(count data) transformed. In Exp. 1, 1-way ANOVA was performed to evaluate the influence of the season and day length period of the year on SP MLT concentration. In Exp. 2, a mixed ANOVA model, including the effects of boar and ejaculate within boar, was performed to evaluate the inter-and intraboar variability on SP MLT concentration, and intraboar reliability was assessed by intraclass correlation (ICC; (3, 1)) using a 2-way mixed approach. Differences among ejaculate portions in SP MLT concentration were assessed using 1-way ANOVA. In Exp. 3, hierarchical cluster analysis was performed to identify naturally occurring groups within the data set of SP MLT, and 2 groups (high and low SP concentration of MLT) were identified. Repeated-measures ANOVA was performed to evaluate the influence of the SP MLT group and storage time (24, 72, and 144 h) on quality and sperm functionality parameters. In Exp. 4, the raw fertility data set was initially corrected for parameters related to farm and sow using a multivariate statistical model (Broekhuijse et al., 2012) to specifically identify the effect of boar on both fertility parameters: farrowing rate and litter size. Then, 2 hierarchical cluster analyses were performed to identify naturally occurring groups among boars according to both fertility parameters, and 2 groups of boars exhibiting high and low farrowing rates and another 2 groups exhibiting large and small litter sizes were identified. One-way ANOVA was performed to investigate differences on SP MLT among boar groups. The Bonferroni test was used for post hoc analyses where appropriate. Statistical significance was defined as P < 0.05. Data are presented as the means ± SEM.
RESULTS
Experiment 1: Seasonality in Seminal Plasma Melatonin Concentration
The season of ejaculate collection influenced (P < 0.01) the SP concentration of MLT, demonstrating that the ejaculates collected during winter and spring exhibited the lowest MLT concentrations and those collected during autumn exhibited the greatest MLT concentrations. Consequently, the day length period of the ejaculate collection also influenced (P < 0.001) the SP MLT concentration, demonstrating that the ejaculates collected during the increasing day length period exhibited reduced MLT concentrations compared with those collected during the decreasing day length period (Fig. 1 ).
Experiment 2: Variability of Seminal Plasma Melatonin Concentration among Boars, Ejaculates, and Ejaculate Portions
The SP concentration of MLT differed (P < 0.001) among boars (interboar variability) and ejaculates within boar (intraboar variability ; Fig. 2) . The interboar variability (F-values = 140.04, df = 20) was considerably increased compared with the intraboar variability (F-values = 5.65, df = 57). The ICC score was 0.92 (95% confidence interval [CI] 0.82-0.97), indicating excellent consistency in the measurements of the SP MLT concentration among ejaculates within boar. The intraboar variability was reduced during the increasing day length period (ICC score of 0.97; 95% CI 0.92-0.99) compared with the decreasing day length period (ICC score of 0.83; 95% CI 0.39-0.97).
The SP MLT concentration also varied (P < 0.001) among ejaculate portions (Fig. 3) . The interaction of boar × ejaculate portions was significant (P < 0.001), as boars exhibited different patterns of variation. Despite this, most boars exhibited a similar pattern of variation that was characterized by the lowest and the greatest MLT concentrations in the SP samples from the first 10 mL of the SRF and post-SRF, respectively.
Experiment 3: Relationship between Seminal Plasma Melatonin Concentration and Quality and Sperm Functionality of Liquid-Stored Semen AI Doses
The SP MLT concentration differed among ejaculates, ranging from 2.12 to 73.66 pg/mL. The ejaculates were classified (hierarchical clustering; P < 0.001) into 2 groups: high (from 26.14 to 73.66 pg/mL; n = 15) or low (from 2.12 to 20.41 pg/mL; n = 15) SP concentration of MLT. Sperm quality, in terms of total sperm motility, progressive sperm motility, and sperm viability, did not differ between the 2 SP MLT groups at any storage time. The total and progressive sperm motility decreased (P < 0.001) across storage time regardless of SP MLT group, and the decrease was particularly evident between 72 and 144 h of storage (Table 1) .
Intracellular H 2 O 2 generation (positive to H 2 DCFDA), total O 2 − production (positive to DHE), and lipid peroxidation (positive to BODIPY) in viable sperm did not differ between the 2 SP MLT groups. In contrast, mitochondrial O 2 − production (positive to MSR) was lower (P < 0.001) in the viable sperm of the AI semen samples from ejaculates with high SP MLT concentration ( Table 1) . Total O 2 − production, mitochondrial O 2 − production, and lipid peroxidation differed (P < 0.005) across storage times regardless of the SP MLT group (Table 1) .
Experiment 4: Relationship between Seminal Plasma Melatonin Concentration and In Vivo Fertility of Liquid-Stored Semen AI Doses
The 14 AI boars were classified (hierarchical clustering; P < 0.001) into 2 groups having high (84.4 to 90.4%; n = 10) or low (76.7 to 81.7%; n = 4) percentages of farrowing rates. No differences in SP MLT were identified between the boar groups (Fig. 4A) . The same 14 AI boars were also classified (hierarchical clustering; P < 0.001) into 2 groups with large (14.7 to 16.2 piglets born per litter; n = 8) or small (12.5 to 13.8 piglets born per litter; n = 6) litter sizes. The SP MLT concentration did not differ between the boar groups (Fig. 4B) .
DISCUSSION
To the best of our knowledge, this study is the first one focused on evaluating biological profile and functional roles of SP MLT in livestock sires, particularly boars, used in commercial AI programs. The average SP MLT concentrations found in the present study were like those recently found by González-Arto et al. (2016b) and close to those previously observed by Andersson (2001) in blood plasma samples collected from adult boars during daylight hours. The first noteworthy finding was the significant variability in the concentration of MLT among SP samples, which agrees with previous results achieved by González-Arto et al. (2016b) in SP samples of different livestock males. Analyzing the factors causing this variability, the present study provides evidence of seasonality in the level of boar SP MLT concentration, as the ejaculates collected during the decreasing day length period exhibited the greatest concentrations. This seasonal pattern agrees with that observed by Tast et al. (2001a) in serum MLT levels of wild boars. The existence of a seasonal pattern in SP MLT concentration in ejaculates of AI boars, like that showed by rams, a typical seasonal breeder (Casao et al., 2010a) , was particularly noticeable because the domestic boar is not considered a typical seasonal breeder. Currently, we do not find a convincing explanation for these findings, as seasonal differences in light conditions do not seem to be the reason. The boars used in this study were housed in AI centers with temperature-and lighting-controlled climate rooms under a constant photoperiod of 16 h of light per day, as required by European Union rules. Furthermore, higher light intensities than those used in herein (150 lx) have not been shown to modify the pineal secretion pattern of MLT in pigs (Tast et al., 2001b) . However, it should be noted that the barns had windows and the boars might have been able to detect changes in outdoor daylight. To elucidate concerns about endogenous SP MLT rhythms in AI boars requires further studies using different approaches than that of the present study.
In addition to season, other factors of variation in SP MLT concentrations were identified, specifically the individual, the ejaculate within boar, and the portion within the ejaculate, which were expected, as they were previously noted to influence other SP compo- nents (Strzezek et al., 2005; Barranco et al., 2015 Barranco et al., , 2016 . Differences among boars could have been ascribed to the genetic origin that was more closely related to individuals than to breed (Thurston et al., 2001) . It is remarkable that the differences among ejaculates within the same boar were greater in the ejaculates collected during the decreasing day length period, which would support the theory that other factors beyond day length itself would be responsible for the increase in MLT concentration during the decreasing day length period. The impact of these factors would vary from boar to boar, regardless of breed or handling management. It is worth noting that SP from SRF and particularly that from the first 10 mL exhibited reduced MLT concentrations compared with the concentrations from post-SRF in most of the examined boars. This may suggest that seminal vesicles would be the accessory glands that could contribute more in SP MLT, as their secretion is the largest contributor to SP of post-SRF (Rodríguez-Martinez et al., 2011) .
In addition to the existence of a seasonal pattern, the occurrence of the greatest concentrations of SP MLT in the ejaculates collected during the decreasing day length period was also especially noticeable, as boar ejaculates collected during this period of the year usually show the worst sperm quality (Sancho et al., 2004; Barranco et al., 2013) . Accordingly, the third experiment was conducted to identify the putative relationship between the SP MLT and quality and sperm functionality of boar AI semen samples. No relationship between the concentration of SP MLT and sperm quality, measured in terms of sperm motility and viability, was identified. This result was not surprising, as controversy exists regarding the relationship between SP MLT and sperm quality. This relationship, specifically with sperm motility, was previously evaluated only in ejaculates of men, showing disparate results, including negative (Yie et al., 1991) , positive (Awad et al., 2006) , or no relationship whatsoever (Bornman et al., 1989; Luboshitzky et al., 2002) . In livestock species, the only report about the influence of MLT on sperm quality includes some experimental studies where exogenous MLT was added to extended semen. These studies also produced inconsistent results. Jang et al. (2010) and Ashrafi et al. (2011) found that the addition of MLT to semen extender improved both motility and sperm viability of boar and ram semen samples, respectively. Conversely, Martín-Hidalgo et al. (2011) and Tanyildizi et al. (2006) found that added MLT reduced the percentage of motile sperm in boar and bull semen samples, respectively. None of the above studies provided logical explanations for the results. The inconsistent results among reports may be due, in part, to differences in either experimental approach and/or the MLT concentrations used, as opposite effects on sperm quality were reported depending on the MLT concentration used (Casao et al., 2010b) . Sperm functionality in terms of oxidative stress was also evaluated in the present study given that MLT is a powerful antioxidant able to either inhibit the generation or neutralize the activity of reactive oxygen species (ROS; Bonnefont- Rousselot and Collin, 2010; Reiter et al., 2016) . Our findings showed a negative relationship between the SP MLT and generation of O 2 − by mitochondria of viable sperm. Mitochondria are the major site of ROS generation in sperm, and O 2 − is the main ROS synthesized, which represents the first link in the synthesis pathway of another ROS (Aitken et al., 2012) . Reactive oxygen species can play a positive or negative role in sperm quality depending on their concentration (Aitken et al., 2012) . Physiological low levels of O 2 − are essential for sperm performance, including motility, whereas pathological high levels are detrimental to sperm performance, including motility (Koppers et al., 2008) . Melatonin attenuates mitochondrial O 2 − production when generated in excess (Jou et al., 2004) or when the concentration of MLT is also in excess (Gavella and Lipovac, 2000) . These 2 circumstances would not occur in the semen samples evaluated in the present study given that both mitochondrial O 2 − production and SP MLT concentration were broadly within the physiological ranges, which is consistent with sires selected for semen donors. Consequently, the lack of a relationship between SP MLT and sperm quality in sires used in AI programs would be expected.
The last experiment evaluated the possible relationship between the concentration of SP MLT in the ejaculates and fertility outcome of semen AI doses elaborated from the ejaculates. Previous reports indicate that once placed in the female genital tract, SP MLT together with MLT secreted in the female genital tract would play a relevant role in the reproductive tract inflammatory response, contributing to sperm selection and, consequently, facilitating fertilization (Brzezinski et al., 1987; Nakamura et al., 2003) . Furthermore, MLT had a positive effect on in vitro embryo development when added at concentrations of 23 ng/mL to 232 µg/mL to the diluents used to extend bull (Papis et al., 2007; Pang et al., 2016) or boar (Jang et al., 2010) semen. However, the above positive effects of MLT would be concentration dependent and more difficult to assess in vivo than in vitro because SP concentration of MLT is usually relatively low (Gavella and Lipovac, 2000) . Accordingly, the present study was performed with ejaculates collected during the decreasing day length period, as these samples exhibited greater and more variable SP MLT concentrations. In addition, the expected boar differences on fertility outcome could also be more variable, as shown by Sancho et al. (2004) . The results demonstrated that SP MLT concentration was not related to the percentage of farrowing or litter size. Like sperm quality, there is also controversy in the literature about the putative relationship between SP MLT and male fertility, as both are negatively and positively related to fertility in men (Yie et al., 1991; Awad et al., 2006) . These contradictory results in the relationship between SP MLT and fertility could be related to SP MLT concentration, which is highly variable among individuals, regardless of the species, and lower in pigs, on average, compared with other species, such as sheep (Casao et al., 2010a) , cattle (González-Arto et al., 2016b), or humans (Awad et al., 2006) .
Conclusions
In summary, the present study demonstrated that the SP concentration of MLT in boar ejaculates differs among the seasons of ejaculate collection, showing those collected in the decreasing day length period have the greatest concentrations. The current study also indicated that the concentration of MLT in SP also varies depending on the boar, the ejaculate within boar, and even the portion within the ejaculate. Furthermore, the results revealed that the SP concentration of MLT of boar ejaculates was not related to either sperm quality or fertility outcome of semen AI doses from the ejaculates, even though SP MLT exhibited antioxidant activity attenuating mitochondrial O 2 − production in viable sperm.
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